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./1 '..:,.J This Honors Thesis is an extension of the 2011-2012 International Sustainable Laboratory 
Student Design Competition hosted by the Association of Collegiate Schools of Architecture 
(ACSA) . Ashley Stier, Joshua Stowers, and I joined the competition as a group in Spring 2012. 
This Honors Thesis served as a tool for expanding and deepening my understanding of green and 
sustainable practices, and it has acted as a guideline for our competition entry. 
The focus of this Honors Thesis is to present research findings on green and sustainable 
practices that are able to support the requirements of marine laboratories in the climate of the U.S. 
Virgin Islands (USVI) . The research explores many possible options for different building types. 
The goal is for one or more of the choices to be applicable to the ACSA competition, but also to be 
used as a model for future projects. 
Project-specific metrics regarding each green and sustainable practice are included to 
show the average requirements of the laboratory campus, and how each selected system, given its 
design constraints, is able to fulfill the project needs. In order to complete a successful design, a 
great deal of re-design and re-calculating was necessary before a suitable answer emerged. These 
metrics are meant to act as a guide for prospective design projects. 
Conclusions concerning the ACSA project present the final green and sustainable practices 
that were chosen to be used in the project and why. The choices made demonstrate a relationship 
between the research and mathematical application, and explain why the conclusions by the group 
were successful or unsuccessful at providing the sustainable laboratories with sufficient systems . 
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AUTHOR'S STATEMENT 
This Honors Thesis is an extension of the 2011-2012 International Sustainable Laboratory 
Student Design Competition hosted by the Association of Colleg iate Schools of Architecture 
(ACSA). The competition enables architecture students from around the world to provide new and 
innovative thinking in the creation of energy-efficient and environmentally-sustainable laboratories. 
The site for the competition is located on the proposed Salt River Bay Marine Research and 
Education Center on the island of St. Croix in the U.S. Virgin Islands (full program attached) . 
During the 2012 spring semester at Ball State University, Ashley Stier, Joshua Stowers, 
and I participated as a team in the ACSA competition. Together we designed a marine biology 
studies campus as a way to represent an application of some of the green and sustainable practices 
developed through my Honors Thesis (competition boards attached). 
The focus of this Honors Thesis is to present research on universal green and sustainable 
practices. A secondary focus is to offer an application of the research in the form of mathematical 
proof, and to show that this project is able to successfully support the requirements of marine 
laboratories, in the climate of the U.S. Virgin Islands (USVI). 
There are many different topics this thesis could have addressed, but I chose to center 
attention on three: photovoltaics, water treatment and storage, and natural ventilation. These 
components are very important to a healthy green building and tend to blend into other issues such 
as waste management and energy consumption . 
Power from the sun is able to be captured anywhere around the world, and the USVI, 
located near the equator, is an ideal location for solar collection. With almost equal day and night 
cycles year round, plenty of energy will be able to be sourced from the sun for the laboratory and 
the rest of the campus. 
Water collection and treatment on an island surrounded by salt water is a vital task. 
Studying different methods to harvest and supply potable water to a campus of sixty researchers 
provides efficient strategies and back-up plans for times of drought or water deficiencies. 
Natural ventilation is a simple way to cool a space without using any electricity. Because 
the competition site is located on a bay with constant winds, it provides the perfect chance to take 
advantage of the prevailing breezes. Constant summer-like weather in the USVI allows occupants 
the opportunity for natural ventilation year round, with no need for heating. 
Metrics regarding each of the green and sustainable practices show that the group project 
can successfully maintain itself with regards to the three topics of focus. These equations can also 
be easily applied in future projects. 
Conclusions present how the research aspect of the Honors Thesis guided my group to 
choose the most appropriate systems that best suit the needs and requirements of the laboratory 
campus. 
Having completed this Honors Thesis project, I realize that complex systems are not 
necessarily the best way to solve complex problems, and that photovoltaics, water treatment, and 
natural ventilation do not just influence energy, water usage, and cooling. These three simple 
systems impact much more in a building than what was initially expected. 
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Figure A.1 Sustainable laboratory entry view 
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PHOTOVOLTAICS 
When exposed to direct sunlight, photovoltaic solar cells provide electricity that can be used in 
real time or stored in batteries for later use. In areas not connected to a power grid, electricity must 
be stored by batteries for use at night, times of peak energy usage, and days in which the sun is not 
available. The electrical current produced by a solar cell is dependent on how much light strikes it1 . In 
order to maximize solar gain, the cells are combined to create larger panels, which can be arranged 
together to form arrays (Figure 1.1). 
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The larger the area of a solar array. the more 
electricity will be produced. 
How Photovoltaics Work 
Photovoltaic (PV) cells are made up of positive and 
negatively charged layers that transform light into 
electrical energy. Two semi-conductive layers that 
make up a PV cell absorb or reflect small particles of 
solar energy called photons. The negatively charged 
layer absorbs photons that release electrons from their 
silicon binding. These electrons are then transferred 
to the positively charged layer, creating a voltage 
differential (Figure 1.2). When the two layers are 
connected to an external load, such as a battery, an 
electrical circuit is produced and more electrons are 
then released from the negative layer, continuing the 
cycle2• 
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Main Types of Photovoltaics 
There are three main types of Photovoltaic cells: 
monocrystalline silicon , polycrystalline silicon, and 
amorphous silicon cells (Figure 1.3). Some of these 
cells are more efficient than others (Table J .1) , but 
with high efficiency comes high cost. 
Monocrystalline silicon is the most commonly used 
material for solar cells. It is very efficient, but also 
quite costlyl. Monocrystalline silicon is refined from 
one large crystal and polished to have a smooth, 
perfect finish that allows it to efficiently absorb 
sunlight. The energy and expense used to cultivate the 
crystal is a counter-productive action, but these cells 
have the highest level of efficiency. 
Polycrystalline silicon, while less expensive, has a 
lower level of efficiency. It consists of many small 
crystals that are densely packed together, instead of a 
singular crystal I . In order to receive the same output 
as monocrystalline silicon, more polycrystalline silicon 
cells are required. This also requires extra square 
footage in optimal locations, preferably tilted towards 
the sun, or located on the south side of a building, to 
place the panels upon. 
Amorphous silicon cells are made up of randomly 
arranged atoms that can be compacted into a very thin, 
inexpensive filml . These cells are much less efficient 
Photons absorbed by the PV release electrons 
that transfer to upper layers, and then through to be stored 
or used in an external load. 
ld require more surface area to achieve the same 
nount of energy as its crystalline counterparts4 and 
we a shorter production. Amorphous silicon PYs 
'e beneficial as building-integrated photovoltaics 
npy) because of their thinness and flexibility. 
IPYs are primarily incorporated into the building 
1Velope, within glazing, shingles and other 
)plications . 
lew Types of Photovoltaics 
:ientists continue their research to produce more 
~onomical and efficient PY cells than the currently 
)pular silicon cells (Table 1.1). Gratzel cells and 
IGS cells are the most advanced new photovoltaics, 
Jt they are still being tested to maximize their life 
)ans and minimize their material make-up. 
-ratzel cells are dye-sensitized cells that imitate 
10tosynthesis. Their creation is an attempt to replace 
Ie use of silicon with titanium dioxide5 . The Gratzel 
~Ils are efficient and inexpensive to produce, and 
'e made from recyclable materials I , but they are still 
~ing studied to improve their lifespan and organize 
leir structure6 . Because of their make-up, these solar 
!lls have great potential for use in countries where 
lergy is expensive. 
opper-indium-gallium-selenide (CIGS) cells 
'e still very new, but have been shown to be quite 
lexpensive and very efficient. Less materi al and 
juare footage of CIGS cells are required to convert 
Ie same amount of electricity as silicon-based 
mnterparts7 • They are made up of four layers that 
'e applied to an aluminum foil base, and can be either 
dgid , glass backed cells, or they can have flexibilityR, 
.creasing their range of applications. 
Solar Cell Efficiency Records 
Cell Module 
Silicon 
Monocrystalline 24.7% 22.7% 
Polycrystalline 19.8% 15.3% 
Thin Film 
Amorphous silicon 1 0.1 % 8.2% 
New Types of Cells 
Gratzel cells 8.2% 4.7% 
CIGS cells 19.2% 16.6% 
Efficiency records of different types of PV cells and 
modules. 
Source: Varis Bokalders and Maria Block, The Whole Building 
Handbook (Virginia: Earthscan, 2010) , 437. 
From left to right : Monocrystalline PV have a 
consistent dark blue or black coloration, Polycrystalline PV 
have varying colors, and crystalline structure resembles 
granite stone, and CIGS cells are naturally completely black. 
Sources from left to right: "Monocrystalline Solar Panel," Photo 
modified, Zjnac. http://hardware.global-supplier.com. 
"Polycrystalline Photovoltaic Cells ," Photo modified , Wikimedia 
Commons , http://0334dd7.netsolhost.com. 
"Polycrystalline Silicon PC Cells - Color," Photo modified , http:// 
solarnova.de/. 
"AQT Solar Ships CIGS Modules ," Photo modified , http://www. 
solarnovus.com. 
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PH,OTOVQl-.T4tC"METRICS 
In order to figure how many solar panels are necessary to power a building, the total square 
footage of space, type of solar panel, its efficiency, and maximum amount of power used by the 
facility are required. 
Solar Radiation1 
Solar Radiation in San Juan Puerto Rico 
Chosen So'lar Panel 
The Sun Power E20/327 panel was chosen for 
this application because of its high efficiency, 
almost twice as much as thin film solar panels. 
(Figure 1.4) These cells are a premium type of 
monocrystalline silicon that have been proven 
to be to most efficient in the world. 
Panel Effeciency2 
SunPower E20 Panel Effeciency 
Derate Factor1 
Derate Factor 
Derate factor is a reduction factor that 
accounts for various conditions, including: 
transformers, manufacturing inconsistentcies, 
panel and wiring connections, wire resistances, 
acumulation of dirt, shading, age, maintenance 
time (when off), and whether or not the cell tracks the 
sun. All factors are standard except for: 
shading (for the smaller roofs between 
modules), and suntracking. 
Derate factors are based on a per-year basis, 
and are only relevant for one year (because of 
the age factor). Derate factor is for the first 
year of operation , reduction for age is 
assumed later in the calculations. 
200A 
0.72 
, ' I 
The SunPower E20 solar panel, 
with an efficiency of 20%. This is one of the 
most efficient solar panels on the market. 
Source: SunPower, SunPower 
Corporation, http://us.sunpowercorp.com. 
Total Solar Gains 
Total Roof Area 5,759 m2 
Rounded Roof Area 5,100 m2 
(reduced for trim work, gutters, panel edges, etc) 
Total area reduced by 10%, then rounded down 
to the next simplest number. 
5.02 kWh/m2/day x 0.02 panel effeciency = 1.004 kWh/m2/day Solar Radiation x Solar Panel 
Effeciency = Solar Gain/Panel 
1.004 kWh/m2/day x 0.72 0.722 kWh/m2/day Solar Gain x Derate Fac/or = 
Actual Solar Gain/Panel 
l.722 kWh/m2 / day x 5,l00m2 collection area = 3,686 kWh/m2/day Actual Solar Gain x CollecTion 
Area = TOlal Solar Gain 
3,686 kWh/m2/day x 365 days/year = 1,345,641 kWh/year Total Solar Gainx Days ill a Year 
= Total Solar Gain per Year 
1,345,641 kWh/year minimum solar collection 
1,345,641 kWh/year x .10 cloud coverage and dark days = 1,210,000 kWh/year 
:= 1,200,000 kWh/year assumed for worst case year 
Total Design Collection = 1,200,000 kWh/year 
PHOTOVOLTAICS CONCLUSION 
After choosing to use the Sun Power E20 solar panels, it was necessary to figure out if the amount of 
kilowatt hours collected will supply required power to the building. The next step was to determine what 
application the power from the PVs will go towards within the building. 
Building Electricity Need Breakdown1 
Lighting 458,000 kWh/year + 250,000 kWh/year + 100,000 kWh/year::::: 800,000 kWh/year 
Plug Loads 
Housing 
+ IlllU 111 ' (1Ilin; ., I 1..1 h'l 
36,400 kWh/year + 14,851 kWh/year + 194 kWh/year 
tlld· nl hpli 11_ + l 'lI.ull\ hllll jill + Ifli L". 
Dining 30,215 kWh/year:;:: 30,000 kWh/year 
l"I.Ii 
::::: 51,000 kWh/year 
= tlll,1i 
Laboratories 84,056 kWh/year + 5,293 kWh/year + 8,780 kWh/year + 1,891 kWh/year + 
+ Ilhr.l1\· ... llllpUll"l-t 1..1.1 .... rlltl.l1 + 
5,050 kWh/year + 2,455 kWh/year + 52,927 kWh/year + 8,680 kWh/year 
HYA.c? 
38,410 kWh/year 
Water Pumps2 
1,300 kWh/year 
Total Electricity Need 
800,000 + 51 ,000 + 30,000 + 170,000 + 38,000 + 1 ,300 
1,908,231 kWh/year 7365 days = 3,009 kWh/day 
Total Electricity Collected 
1,210,000 kWh/year 
+ II Inc ... . I 'L1UI·l IlUI 11Il,! 
::::: 170,000 kWh/year 
lul.1I 
:;:: 38,000 kWh/year 
::::: 1,300 kWh/year 
= 1,090,300 kWh/year 
:;:: 3,000 kWh/day 
= 3,686 kWh/day 
Building 'Grid' Schematic 
3,600 kwh Collected 
To Grid < ........... . 
480 kWh Discharge +-....:..A..;.;C,,--..J 
Battery Storage 
Inverter 
Generator 
1500 kWh 
Need for Nighttime 
+1.0% Battery 
1,500 kWh Overcharge = 1,650 kWh 
Daytime Use J 
3,000 kWh Total L Daily Need Divided 
into 12 hour 
periods 
Battery system is based on storage of a one 24 hour cycle, plus 3 days of emergency backup supply. 
The ideal 3,000 kWh/day needed + 2,200 kWh/3 day emergency backup = 5,200 kWh of usable storage 
Damage can be done to the battery if too much energy is pulled out of it. In order to avoid this, only 50% of 
battery capacity will be considered usable. 50% more energy must be stored in order to contain a full day's 
worth plus three days of back up. 
5,200 kWh x 2 = 10,400 kWh total battery capacity 
With this capacity, the batteries will be able to supply the building with a total of four days of energy loads in 
case a time of zero energy collection arises. 
PV Application 
Because the sun is so prevalent in the USVI, solar panels were chosen as the only means of electrical 
production . Wind turbines, and hydropower were considered, but these methods effected the environment in a 
negative manner, and unnecessarily extended the footprint on the site . 
PV panel location on all roof 
surfaces in the sustainable laboratory site. 
2.1 WATER TREATMENT + STORAGE 
Most fresh water needs some type of treatment before it can be potable. Some problems that must be 
resolved include bacteria levels, color, odor, taste, or pH levels (hardness). The source of the water 
dictates what type of treatment is most suitable, so an analysis of the water must be done before an 
appropriate purification method can be chosen 1. How water is stored is another decision that must be 
made. Factors such as how much space is available and the delivery method can help determine how 
water will be collected . 
Importance of Rain Water Collection 
Collecting rain water not only provides the occupants 
of a building with a source of water, but also averts 
the water from running off the building, collecting 
toxins from paved surfaces, and ultimately entering 
sewage drains, multiplying the amount of water that 
treatment plants will have to process. If buildings and 
other paved surfaces did not exist on site, rainwater 
would simply soak into the ground , feeding plants, 
and charging aquifers. When a building exists on a 
site, to take responsibility for its existence, occupants 
should use the water to their advantage for showering 
or irrigation which greatly reduces runoff levels. 
It is imperative for climates prone to droughts , or 
lacking in other fresh water sources to consider 
collecting and filtering water. It provides a possi bi I ity 
for architectural design opportunities in the way of 
bioswales and native plantings that can naturally filter 
the water. 
Water Treatment Strategies 
Bioswales, or vegetated swales, are a form of 
bioretention used to partially treat water quality, lessen 
flooding potential, and carry stormwater away from 
buildings2. They are commonly seen as parking lot 
islands and medians, but are also used along highways 
and around any other densely paved area that 
produces runoff (Figure 2.1). The size of the bios wale 
determines how much water can be stored or filtered, 
and must be taken into consideration when designing. 
Typically, native flora are the primary 
plantings within a bioswale. The advantage of the 
native plantings is that they are able to withstand the 
harshest climates their environments undergo. Their 
structures are also characteristically durable and are 
able to easily filter out toxins from water3 that foreign 
species may not be able to handle. 
WaleI' Trealmenr + Storage 
Ecological Wastewater Treatment Systems 
are designed to mimic the functions of wetlands 
by using microorganism metabolism to remove 
pollutants. They are very similar to bioswales in 
that they use native plants, but also take advantage 
of other organisms such as bacteria, algae, and 
snails to aid in decomposition . 
Living Machine® is a speci fic type of ecological 
wastewater treatment filtration device created by 
Worrell Water Technologies. It uses plants and 
microorganisms to tum wastewater into clean 
water without the use of chemicals4 • Living 
Machines illl are versatile and do not require much 
space. They can be used indoors or out, depending 
on the climate . All Living Machines® are different 
in how they look, but they share the same series of 
steps to filter the waterS (Figure 2.2) . 
• Settling Tank - water collects here so larger 
sediment can settle to the bottom. Filters are used 
for bigger installations to clear out large amounts 
of deposits. 
Figure 2.1 This is an example of how a bioswale can be 
layered. Typically, they are seen surrounded by expanses of 
hardscape, so the water has an alternative place to go other 
than sewers. 
Source: "Bio Retention Swale," The Village of Greendale, http:" 
www.greendale .org. 
• Control System - the flow of water is managed 
through a central control system. 
• Wetlands Installations - works similarly to 
bioswales, with added microorganisms, and gravel 
that work together to remove toxins from the water. 
These are highly designed ecosystems , and used as an 
architectural feature within a space . 
• Disinfection System - ozone, ultraviolet or 
chlorine are used to kill any leftover pathogens in the 
water. This is an optional step depending on how the 
water will be reused. 
• Reuse System - cleaned water is stored and kept 
in tanks for use for flushing toilets, hand washing, 
bathing , cleaning, irrigation, ponds , etc . 
Living Machines® have high return rates, 
approximately 95% of the water that runs through is 
reusable , and very little is lost in the filtration process. 
Reverse Osmosis can be used to desalinate, or 
remove salt, from seawater and wastewater treatment. 
According to the U.S. Environmental Protection 
Agency, this process, along with solar stills, are 
the only systems that may be classified as water 
"purifiers"; all other systems are water " treatment" 
devices due to the limited amount of impurities they 
remove from the water6 . 
Reverse osmosis involves putting pressure 
on a tank of saltwater solution that forces the solution 
towards what is called a reverse osmosis membrane. 
These membranes have very small pores that are only 
large enough to allow water molecules through. As 
pure water passes through the filter, contaminants 
move down a drain which are later cleaned oue 
(Figure 2.3). The salt gets left behind as well as metal 
ions, organic substances, bacteria and sludge . Reverse 
osmosis also filters out natural minerals in water, so if 
it is to be used for drinking, care must be taken to get 
proper nutrient intake in other ways). Reverse osmosis 
is one of the most efficient water fi I tration devices 
when it comes to contaminant removal , but cannot 
remove flavor from the water or microorganisms small 
enough to pass through the filter. It is a slow process, 
and only produces about IS gallons of water per day 
per filter. It also requires 3-5 gallons of untreated 
water to produce a single gallon of purified water, a 
low return rate 7 • 
Figure 2.2 How Living Machine'" shows their water filtration 
and purification system working ascetically and functionally. 
Source: Interface Multimedia, Next Gen Living Machine") for Water 
Use. Worrell Water Technologies . 
Ultraviolet (UV) light, when strong enough, can kill 
all microorganisms, bacteria and fungi in the water 
for a complete disinfection. Before UV can be used, 
all large particles must be filtered out because they 
block the UV light. Unlike chlorine additives used 
to kill bacteria, UV does not introduce any chemical 
additives to the water, but there is no long-lasting 
effect for UV exposure, so the system must be located 
nearby the source of use). 
Contami~ed~atif • 
Pressurize<1 
Contaminant 
RO Membrane 
.* 
• 
• 
* ~ 
• 
• 
Pure Water 
c:> 
Contaminants to 
Drain 
Figure 2.3 Simplitifed diagram on the process of reverse 
osmosis (RO). Contaminants are filtered out by the 
membrane, resulting in pure water. 
Source: "Reberse Osmosis (RO) Water Filters, Canadian Water 
Quality Association. 
Water Treatment + Storag\! Rebecca L. Ackerman 
Ozone (03) can be used to purify water with only a 
small amount of energy and little maintenance. The 
ozone oxidizes organic and inorganic poisonous 
compounds and destroys viruses , bacteria, fungi and 
microorganisms. During the process 0 3 is broken 
down into oxygen (02) and can be released into the 
atmosphere
'
. 
Solar Stills can provide the cleanest drinking water 
for the least expense, by doing one simple task: 
evaporating water6• Instead of removing impurities 
from water, the sun heats the water and removes it 
from the impurities6 . A simple solar still is a large 
basin, typically made of a dark color to absorb the 
sun's rays . The basin is covered with an inclined 
glass pane that will stop the evaporating water 
from escaping into the atmosphere , but allows solar 
radiation to pass through that the darkened base 
absorbs . As the water heats , the steam content 
between the water and the glass will increase, and all 
the heat trapped inside the basin causes pure water to 
evaporate away from its contaminants . As the water 
evaporates, any salts , microbes , heavy metals , nitrates. 
and microorganisms are left behind . The water 
condenses on the glass, moves down the cover to a 
collection tank, and can be consumed immediately9 
(Figure 2.4). The return rate of solar stills is 
promising. For every 1,000 square inch of cover 
surface, it will produce about 1 gallon of pure water 
on a sunny day, so a 4 foot by 8 foot solar still should 
produce 2 to 4 gallons of water a day6. 
Water Storage Strategies 
Water may not all be consumed at the time it is 
collected so an efficient method to store extra water 
must be considered. Different water storage devices 
may be better suited than others depending on the 
size of the population served, the topography, and the 
climate of location . 
Water Towers 
Water towers are seen in small towns located on high 
elevation. The reason water towers are placed above 
many of the surrounding buildings, is to use gravity to 
create water pressure. To do this, towers rely on three 
main parts: the tower, the tank, and the pump 10. 
Water Treatment + Storage 
Sunlight 
Pure Water 
Collection 
\ 
Insulation - If climate requires it 
Tray with black or 
other absorptive 
quality - filled with 
contaminated water 
Figure 2.4 Contaminated water sitting in a dark basin, is 
evaporated by the sun. The glass covering captures pure, 
condesnsed water that slides down, and is collected. Over 
time, salts and other microorganisms can build up to a 
point of saturation, and must be cleaned or flushed out 
periodically9. 
Towers provide 0.43 pounds per square inch 
(psi) of pressure for every foot of height. Most 
household appliances require at least 20-30psi, 
so the higher the towers the more pressure can be 
provided. 
Tanks are typically the largest part of the 
tower, and the largest can hold approximately 
1,500,000 gallons of water. A water tower's tank 
is sized to hold about a day's worth of water for 
the community served by the tower. Larger 
communities may require more than one tower, 
depending on water needs. 
Pumps are needed to pull water from the water 
treatment plant up into the tank. In order to reduce 
the energy used by the pump , during peak water 
usage hours, the tank will drain, relying only on 
gravity pressure to distribute the water. This saves 
the pump from having to feed water up into the 
tank only to have it instantly drain out again. The 
pump will refill [he tank at times of low demand . 
If the community ever demands more 
water than the pump can supply, many water 
towers will have water from the treatment plant 
bypass the tank, to be fed directly to users lO (Figure 
2.5). 
Distribution Methods of Water Towers 
The height of the water tower itself is designed to 
create enough pressure for all its users. In cities 
with tall buildings, however, a water tower cannot 
provide enough pressure to serve the highest 
occupancies. In these cases, tall buildings have 
their own pumps and their own water towers lO 
(Figure 2.6). 
Aboveground Tanks 
Aboveground water storage tanks come in many 
different materials, colors, and sizes that can 
blend well with their surroundings . They are also 
very easy to install, and are less expensi ve than 
underground tanks II. 
Metal + Steel Tanks are coated with polyethylene 
linings that ensure water quality and prevent 
corrosion. Many colors and shapes are available, 
making them a popular choice for different 
applications . If cracks in the tanks appear, they are 
easily repaired II . 
Fiberglass Tanks are a durable selection for 
aboveground water tanks, but are relatively a more 
expensive choice. They are corrosion resistant, 
sturdy, rarely crack, and can withstand harsh 
weather conditions. Fiberglass tanks also can 
be placed underground without the effects of the 
aboveground tanks ll. 
Bladders can store between 2,000 - 20,000 liters 
of water depending on the dimensions of the sac. 
They may appear to be less durable than other 
storage systems , and do require a space free of 
rocks and other debris, but they are made of highly 
puncture resistant material. Water bladders are 
designed to be located in the sub-floor space of a 
building, with all pipes directed into valves on the 
sac. All rainwater is able to be collected with this 
method and any overflow is di verted to outside 
drains to avoid overfilling ll . 
® From the 
treatment plant 
@Pump 
'-----------------~© 
©To primary feeders 
and customers 
@Water 
Figure 2.5 A section cut through a water tower, its pumps, 
and pipes. During peak water usage times, water bypasses 
the tank and moves directly to customers. 
Source: Marshall Brain, "How Water Towers Work," www, 
howstuffworks.com. 
120' 
52psi 
Water Storage IlF5!:f~~ 
Pump 
Figure 2.6 Water storage at the top of a high rise building 
using pressure to distribute water to each subsequent floor 
(A) , The water tower uses pressure to provide water to 
homes at lower elevations in a community (B). 
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Underground Tanks 
Underground water storage tanks provide a safe 
method to collect potable water. This is a space 
saving solution above ground, but also requires 
much soil to be displaced ll . High pressure, or flow, 
is also necessary for sufficient water supply to reach 
its destination 12. Because of this, underground 
tanks demand more energy than water towers or 
aboveground systems . 
Concrete Tanks can be delivered or poured on-site. 
They have enough strength to be installed under 
driveways or serve as platforms for sheds or other 
small structures. Unfortunately, because they are 
located underground, they are very difficult to repair if 
cracks occur I I • 
Plastic Tanks are made of a very lightweight 
material , which allows for simple site preparation and 
installation. They are made from polyethylene plastic 
that is UV treated and is appropriate for potable water 
without passing along a plastic taste to the water. 
Plastic tanks can also be installed aboveground and are 
available in different colors shapes and sizes II. 
Water Distribution Systems 
'Dry' Distribution Systems 
Pipes run from the gutter system directly into the 
storage tank. After a rain event the pipes drain and 
do not hold water. This is benencial because water 
does not stand idle providing breeding grounds for 
mosquitoes 12 (Figure 2 .7). 
'Wet' Distribution Systems 
Pipes from the gutter system run underground, 
and then up into the tank farther away from the 
collection source. The distance requires long runs of 
underground pipes that, even during times without 
rain, retain water that can serve as breeding grounds 
for mosquitoes if not properly screened. One way to 
improve water quality and save water is by converting 
the 'wet' system into a 'dry' one by implementing 1n-
Ground Water Diverters ll . (Figure 2.8). 
Water Treatment + Storage 
Above ground pipes 
~--------____ ~~~~ove~ow~e 
Water tank 
Figure 2.7 'Dry' distribution systems carry water above 
ground in open pipes so they are able to fully drain. 
Source: "Rain Harvesting." Rain Harvesting Pty Ltd. http:// 
rainharvesting.com/au . 
Underground pipes 
Ove~ow valve 
~ 
In-ground 
water 
diverter 
Figure 2.8 'Wet' distribution systems carry water 
underground in inclosed pipes. 
Source: "Rain Harvesting," Rain Harvesting Pty Ltd. http:// 
rainharvesting. com/au . 
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WATER STORAGE METRICS 
It is necessary to know how much rainwater a building will be able to collect in order to determine 
how much storage space will be necessary to contain any left-over water. It is also required to 
know approximately how much water will be used at any given day at any given time to be sure 
the amount of water stored will be sufficient to supply the demand during peak water usage 
hours. 
Water Metric Flow Chart 
Roof Area (in') x Rainfall (in) 
233 in' /gal 
People Useage TOlals - Toilets 
Collections - Usage 
Compounded (+1-) 
Lab Supply ----... 
Needs_ 
Design Parameters ____ 
Collection Area 
Building 
Housing 
Laboratory 
Total 
Minus 
Equals 
V 
Detenmines 
TANK SIZE 
Collection Area 
Area in ft2 
17,500 
44,491 
61,991 ft2 
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~TOI'9t:&~ Discharge 
Uving Machin_ - Usable Return Gallons 
90% Return Minufi TOilets 
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'to, 
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, 
_ Housing Supply 
Area in in2 
2,520,000 
6,406,704 
8,926,704 in2 Table 2.1 
Figure 2.9 Flow chart depicting 
the course water takes in order 
to determine storage tank size. 
Rainfall 
St. Croix Average Monthly 
From January 1, 1972 - December 31,2001 
Month Average (in) High (in) Low (in) 
January 2.06 3.74 .54 
February 1.85 44.23 .18 
March 1.74 4.15 .48 
April 1.85 8.24 0 
May 3.69 14.03 .22 
June 2.18 7.83 .10 
July 2.89 6.11 .49 
August 3.69 11.41 1.4 
September 5.28 21.39 1.07 Table 2.2 Average monthly rainfall for St. 
Croix. These numbers will help determine 
October 5.44 16.2 1.55 how much water can be collected on an 
average year for the facilities. 
November 6.21 16.34 1.11 Source: 'Weather in the Virgin Islands." Virgin 
Islands Vacation Guide and Community. http:// 
December 3.41 9.07 1.38 www.vinow.com. 
Average Annual Rainfall for St. Croix 
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WATER STORAGE METRICS 
Collections 
1 Gallon = 233 in3 7.5 Gallons = 1 Cubic Foot 
7.5 x 233in2 = 1747.Sin2 
1 Cubic Foot = 1747.Sin2 
Rainfall Total (in) x Roof Area (in 2 ) = Total Rainfall Collected (in 3 ) 
Total Rainfall Collected Un) -;- 233in 3 = Total Gallons Collected 
Total Gallons Collected x 7.5 Gallons = Total Cubic Feet Collected 
Rain Collections Based on St. Croix A verage Monthly Rainfall 
Between January 1972 and December 20011 
Month Average (gal / cuft) High (gal / cuft) Low (gal / cuft) 
January 78,923/591,923 143,287/1,074,626 20,688/155,160 
February 70,877 / 531,578 162,060/1,215,450 6,896/51,720 
March 66,663 /499,973 158,995/1,192,463 18,390/137,925 
April 70,877 / 531,578 312,691/2,345,183 0/0 
May 141 ,371 / 1,060,283 537,518/4,032,683 8,429 / 63,418 
June 83,520 / 626,400 299,983/2,249,873 3,831 /28,733 
July 110,722/830,415 234,087/1,755,653 18,773/140,798 
August 141,371 /1,060,283 437,140/3,278,550 53,687/402,653 
September 202,288/1,517,160 819,494/6,146,205 40,994/307,455 
October 208,417 / 1,563,128 620,655/4,654,913 59,384/445,380 
November 237,918/1,784,385 626,019/4,695,143 42,526/318,945 
December 130,644 / 979,830 347,490/2,606,175 52,871 /396,533 
Table 2.3 The average rainfall for St. Croix is 40.29 inches per year. These average monthly numbers will help 
determine how much water can be collected on an average year for the facilities . 
I 
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WATER STORAGE METRICS 
Water Consumption of the Campus 
Each part of the campus uses different amounts of water throughout a given day. An 
average total water usage must be found to determine if what is being collected is sufficient 
for the water demands, and to choose an accurate size for the collection tanks . 
Laboratories 
Research Labs (x12) 
5 Tanks 
200 Avg . Gallons per Tank 
0.2 Rate of Exchange / 2 weeks (5 x 200 x 0 .2) .;. 14 = l4 Estimated Gallons Used per Day 
x 12 Labs 
Touch Tanks for community outreach exhibits 168 Estimated Gallons Used per Day 
18,000 
0.2 
Misc. Uses 
0.1 
Total Gallons per Tank 
Rate of Exchange / 2 weeks ( 18,000 x 0 .2) -:,. J 4 = 257 Estimated Gallons Used per Day 
% for Cleaning 
and experiments ( [4 + 257) x 0. 1 = 27 Estimated Gallons Used per Day 
J 68 + 257 + 27 = 452 Total Estimated Gallons Used per Day 
Water Storage Metrics 
Water Consumption of the Campus Continued 
Housing 
Brushing Teeth 
.1 
60 
2 
Showers 
30 
60 
1 
Misc. Uses 
0.1 
Laundry 
25 
60 
1 
Gallons per Brush (12 oz.) 
Occupants 
Times per Day 
Gallons per Shower 
Occupants 
Time per Day 
% Safety Factor 
Gallons per Wash 
Occupants 
Time per Week 
.1 x 60 x 2 = 12 Estimated Gallons Used per Day 
30 x 60 x 1 = 1,800 Estimated Gallons Used per Day 
(360 + 1,800) x 0.1 = 216 Estimated Gallons Used per Day 
(25 x 60 xl) -0- 7 = 214 Estimated Gallons Used per Day 
12 + J ,800 + 2J 6 + 214 = 2,242 TotaL Estimated Gallolls Used per Day 
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WATER STORAGE METRICS 
Water Consumption of the Campus Continued 
Campus Wide + Dining 
Toilets 
1 .28 Gallons per Flush 
60 Occupants 
5 
Dining 
9 
60 
3 
o 
0.7 
Times per Day (Average) 
Gallons per Guest 
On-Site Guests 
Meals per Day 
Visiting Guests 
l .28 x 60 x 5 = 384 Estimated Gallons Used per Day 
[((60 x 3) + 0) x 9J x 0.7 = 1,134 Estimated Gallolls Used 
per Day 
% "Smart Kitchen" Reduction 
384 + 1,! 34 = 1,518 Total Estimated Gallons Used per Day 
Totals: 
Laboratory 456 Gallons I Day 
Housing 2,410 Gallons I Day 
Carnpus + Dining 1,518 Gallons I Day 
Total Consumption 4,384 Gallons I Day 
Water Storage Metrics 
Campus Daily Fresh Water Needs 
Given that: 
The campus requires 4,384 gallons of water per day. 
And that: 
384 gallons, all toilet and cleaning water is taken from the Living MachineG<'. 
Then : 
4,000 gallons of rainwater is needed to supply the campus daily. 
4,384 Total Gallons - 384 Toilet Gallons = 4,000 Rainwater Gallons 
Campus Monthly Fresh Water Needs 
Fresh Water Need x Days per Month = Monthly Water Demands 
Monthly Fresh Water Needs 
Month Days Month Average (Gal) 
January 31 129,580 
February 28 117,040 
March 31 129,580 
April 30 125,400 
May 31 129,580 
June 30 125,400 
July 31 129,580 
August 31 129,580 
September 30 125,400 Table 2.4 Monthly fresh water 
needs for the facilities in st. 
October 31 129,580 Croix. These numbers will 
determine how much water 
November 30 125,400 needs to be collected by the roof in order provide sufficient 
fresh water needs for the 
December 31 129,580 occupants. 
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WATER STORAGE METRICS 
Campus Yearly Fresh Water Needs 
4,000 Gallons/Day x 365 Days = 1,460,000 Gallons/Year 
Monthly Fresh Water Surplus I Deficit 
# Gallons Collected - Monthly Demand = (+)Surplus or (- )Deficit in Gallons 
(Average/High/Low Calculated Respectively) 
Monthly Fresh Water (+) Surplus and (-) Deficit 
Month Average (Gal) High (Gal) Low (Gal) 
January -50,657 13,707 -108,892 
February -46,163 45,020 -110,144 
March -62,917 29,415 -111,190 
April -40,906 231,400 -125,400 
May 11,791 407,938 -121,151 
June -41,880 174,583 -121,569 
July -18,858 104,507 -110,807 
August 11,791 307,560 -75,943 
September 76,888 694,094 -84,406 
October 78,837 491,075 -70,196 
November 112,518 500,619 -82,874 
December 1,064 217,910 -76,709 
Total 17,892 Gal 3,1176,719 Gal -1,199,281 Gal 
Table 2.5 Based on the rainwater collections (Table 3.4) and monthly freshwater needs (Table 3.5) 
tables, the total amount of water that will be left over, or deficient per month can be calculated. 
Water Storage Merrics 
Average Monthly Gains 
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Figure 2.13 Average monthly rainwater collection chart. Half of the year looks to be in deficit, but the surplus from the 
positive months will be able to handle the shortages. 
Water Collection vs Usage per Month 
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Figure 2.14 The dark blue line represents how much water is consumed by occupants on a monthly basis. The green and red lines 
represent record high and low rainfalls and collection rates respectively. Average collection is shown by the light blue line. 
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WATER STORAGE METRICS 
Living Machine® 
90% return on the water coming from the Living Machine® 
Monthly Needs x 0.9 = #Gallons Retrieved from the Living Machine® 
Monthly Living Machine Return® 
Month Average (Gal) 
January 116,622 
February 105,336 
March 116,622 
April 112,860 
May 116,622 
June 112,860 
July 116,622 
August 116,622 
September 112,860 
October 116,622 
November 112,860 
Table 2.6 Average monthly rainfall 
December 116,622 for St. Croix. These numbers will help determine how much water 
Yearly 1,373,130 Gal 
can be collected on an average 
year for the facilities. 
175+-------------~----------~------------
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Water Storage Metrics 
Gray Water Usage 
Toilet Usage ((Gal/flush) . flushes) x Days per Month 
= Gray Water Usage (Gal) 
(1.28 Gal x (60 people x 5 times a day)) x Days per Month 
= Gray Water Usage (Gal) 
Flushes = occupants x #of flushes per occupant 
Gray Water Usage 
Month Average (Gal) 
January 11,904 
February 10,752 
March 11,904 
April 11,520 
May 11,904 
June 11,520 
July 11,904 
August 11,904 
September 11,520 
October 11,904 
November 11,520 
December 11,904 
Yearly 140,160 Gal 
Table 2.7 
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WATER STORAGE METRICS 
Gray Water Discharge 
Living Machine® Return - Gray Water Usage = Gray Water Discharge 
Gray Water Discharge 
Month Average (Gal) 
January 104,718 
February 94,584 
March 104,714 
150 
Gray Water Discharge 
April 101 ,340 Ci) 
"0 
C 
ro 
II) 
May 104,718 :;j 0 
.I:: 
f-
June 104,718 
:.S 100 
II) 
c 
.Q 
July 104,718 ro t9 
.!: 
OJ 50 August 104,718 II) ::J 
OJ 
Ol 
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October 104,718 0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
November 101,340 
Figure 2.16 
December 104,718 
Yearly 1,232,970 Gal 
Table 2.8 
Water Storage Metrics 
Maximum and Minimum Storage Needs 
Total Deficit = Sum of all Negative Monthly Fresh Water Collection 
Total Surplus = Sum of all Positive Monthly Fresh Water Collection 
January - July Deficit August - December Surplus 
Month Average (Gal) Month Average (Gal) 
January -50,657 August 11,791 
February -46,163 September 76,888 
March -62,917 October 78,837 
April -40,906 November 112,518 
May 11,791 December 1,064 
June -41,880 Total 281,098 Gal 
July -18,858 Table 2.10 
Total -263,206 Gal 
Table 2.9 
Yearly Total (Deficit + Surplus) = -263,206 Gal + 281,098 Gal 
= 17,892 Total Gal 
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WATER STORAGE METRICS 
Tank Storage Calculations 
Given: 
Maximum average surplus for storage = 281,098 Gal 
Chosen storage goal = 300,000 Gal 
Gallons per cubic foot = 7.481 
Restrictions: 
Module size for tank type A restricted to 20ft diameter and 48ft tall. 
Module size for tank type B restricted to 8ft diameter. 
Module size for tank type C restricted to 10ft tall. 
Tank Type A (Labs) 
Tank Diameter (Restricted) 20 ft 
Tank Height 42 ft 
13,1 88 ft3 
Gallons per tank 98,653 Gal 
Tank Type B (Labs) 
Tank Diameter (Restricted) 8 ft 
Tank Height 25 ft 
1,256 ft3 
Gallons per tank 9,396 Gal 
Water Sturage Metrics 
Guess and Check 
TTX (JOftY = 13,188frl 
13,188jt' x 7 .48J Gallft] = 98,653 Gal 
Guess and Check 
TTx (4jtY = J,256j'tl 
J ,256f,3 x 7.481 Galljtl = 9,396 Gal 
Tank Storage Calculations 
Tank Type C (Housing) 
Tank Diameter 22 ft Guess and Check 
Tank Height (Restricted) 42 ft 
3,799 ft3 TT x (l 1ft F 3.799 ft 3 
Gallons per tank 28,421 Gal 3.799ft3 x 7.481 Galljt3 = 28,421 Gal 
Totals: 
Tank Type A 2 Tanks x 98,653 Gal = 197,306 Gal 
Tank Type B 3 Tanks x 9,396 Gal = 28,187 Gal 
Tank Type C 3 Tanks x 28,421 Gal = 197,306 Gal 
Total Storage Capacity (A + B + C) = 310,756 Gal of Rain Water Collection 
Note: Pressure tanks located in ceilings below roof level, plus the living machine system tanks (output 
should equal approximately daily tofal usage times the percent return (4,375xO .95=4100 Gallons .. .) 
are also units.for water st()ruge. But if these systems are considered in-line operational tanks , it can be 
assumed tlUl.t they llrefigured as additional storage not intended for calculated use. 
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2.2 WATER CONCLUSION 
For any fully sustainable building, it is required that it be able to filter and collect its own water without 
supplement from a water treatment plant. With an average annual rainfall of 40.29 inches per year, 
sufficient water supply should be collected by the facilities. Draughts, and dry seasons are common in 
St. Croix, so in case the rainwater supply is depleted, a back-up system of solar stills are provided so 
potable water can be made from sea water. 
Water Storage Systems 
1. Rainwater collection tanks 
Aboveground, steel tank 
2. Living Machine® 
In-process storage system 
3. Pressurized storage tanks 
Treatment Methods 
Rainwater 
Carbon filtration 
Gray water 
Living Machine® 
Black water 
Living Machine® 
Saltwater 
Solar stills - these will be used as a back-up ocean-water filtration device in case of a dry year. 
Conclusion 
Three methods of water storage systems are necessary for the different types of water being filtered . 
Rainwater is collected in above-ground steel tanks located in a storage room within the main building . It was 
decided an above-ground tank would be best placed inside the facility to avoid harsh weather common during 
hurricane season in the USVI. This method will also prevent any untimely damage that might be done to the 
tanks. This rainwater will be filtered by a carbon filtration system while it is en-route to the tap to clean out 
any microorganisms. 
Gray water and black water will be filtered by a Living Machine® that will include the disinfection system step 
that will purify the water enough to be potable. 
Solar stills will be used in case of emergencies if the collection of fresh water is depleted. Salt water from the 
Water Treatment + Storage 
sea will be decontaminated, and will be able to provide potable water to the campus in times of need. 
Water from each of these systems will be delivered to the tap by being pumped up into pressurized storage 
tanks located under the butterfiy roofs of the buildings, and above the ceiling of the upper levels (Figure 3.8). 
These pressurized water tanks act as miniature water towers, so after water is pumped up all distribution is 
reliant upon the pressure given by the height of the tank. 
'essurized Water Tanks Water Storage Tanks 
Figure 2.15 Laboratory and water storage section cut. Blue highlighted tanks were designed to store the water required by the 
laboratory campus. The water will be pumped up to the pressurized water tanks under the butterfly roofs. From this point, gravity 
will provide pressure to supply water at the tap. 
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3.1 NATURAL VENTILATION 
Before mechanical heating and cooling systems existed, natural ventilation was the only way buildings 
and homes received fresh , circulating air. Because of people's current dependence on HVAC systems 
and the need for airtight buildings, infiltration can occur through holes and cracks in a wall or around 
windows and doors1. In order to design sustainable buildings, natural ventilation must be restored to 
supply and remove air through an indoor space without using any mechanical systems2• There are 
multiple techniques that can be used to achieve good natural ventilation that all depend on a building's 
layout and its location. 
Natural Ventilation Strategies 
Cross Ventilation 
Cross ventilation is dependent upon the wind and how 
it interacts with a building's fa<;ade . Openings such as 
windows and doors are factors that control how much 
air is able to circulate in a space. Along the windward 
side of a building where the wind first impacts the 
fa<;ade, a zone of high pressure is created that pushes 
air through the building. A zone of low pressure is 
created on the leeward fa<;ade due to the alternate 
paths wind finds as it moves around the structure] 
(Figure 3.1). Cross ventilation relies upon placement 
of the apertures on both windward and leeward fa<;ades 
and how the wind flows through them (Figure 3.2). 
The orientation of the apertures on the site in relation 
to the prevailing wind flow is an important aspect to 
consider. Cross ventilation is best suited for buildings 
with a narrow, open floor plan with the long fa<;ade 
facing perpendicular to the prevailing winds . Cross 
ventilation tends to be most effective for buildings 
with depths of up to five times the ceiling height3 
(Figure 3.3). 
Cross Ventilation Design Considerations3 
• The area of the inlet must be equal to or 25% smaller 
than the outlet aperture. 
• Single-loaded corridors present better airflow than 
double-loaded corridors, allowing for fully open inlets 
and outlets that are not blocked from walls opposite 
the walkway. 
Natural Ventilation 
• Air flows in a path of least resistance areas where 
fresh air does not flow are common and must be 
checked. 
• Cross ventilation will have major influences on 
site planning and aesthetics of a building . 
• Consider security, privacy, and noise transfer. 
• Narrow buildings with the long fa<;ade 
perpendicular to the wind direction, and well-
placed apertures will maximize efficiency. 
• Louvers, balconies, and other building elements 
must be considered when designing with cross 
ventilation so they aid the system and do not block 
airflow or cause turbulence . 
Figure 3.1 Air intakes are preferable near the center of 
the high pressure zones. 
Source: "Natural Ventilation Systems," Sustainability 
Victoria, http://www.resourcesmart.vic.gov.au . 
Figure 3.2 Air must have an unobstructed pathway to 
flow through. 
Source: "Natural Ventilation Systems," Sustainability 
Victoria , http://www.resourcesmart.vic.gov.au. 
Figure 3.3 A simple rule of thumb for designing cross 
ventilation: it is most effective with depths of up to five 
times its ceiling height. 
Source: "Natural Ventilation Systems," Sustainability 
Victoria, http://www.resourcesmart.vic.gov.au. 
Stack Ventilation 
Stack Ventilation creates air movement by 
drawing naturally rising and warming air from 
low elevations in a space up through a stack or 
chimney where it is released at the top. In order 
for stack ventilation to work , incoming air must be 
cooler than the internal ambient temperature of the 
space, and works best in spaces with high ceilings . 
To aid in the movement of warm air through the 
stack , a transparent cap with a darkly colored 
material with absorptive properties will heat the air 
at the top of the stack, kick-starting the movement 
of cool and warm air down below) (Figure 3.4). 
Stack Ventilation Design Considerations3 
• Pressure in the stack must remain high so air is 
always moving up and fresh air is being pulled in . 
• In order to avoid blocking positive pressure flow, 
exhausts should be placed on the leeward side where 
the negative pressures will draw air out. 
• Operable vents or louvers may be necessary on 
different faces of a building to respond to changing 
wind directions. 
Sunlight 
Black or other 
absorptive 
quality material Air Drawn 
:;;~~ .-
Figure 3.4 A rotating fan at the top of a stack can aid the air 
being pulled through the outlet. 
Source: "Natural Ventilation Systems," Sustainability Victoria , 
http://www.resourcesmart.vic.gov.a u. 
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Hybrid Ventilation 
When environmental conditions are not ideal, or 
too unpredictable to maintain a comfortable indoor 
setting, some spaces in a building require a regulated 
environment and mechanical systems may be required 
to supplement natural ventilation. Combining 
mechanical and natural ventilation techniques is 
known as hybrid ventilation and there are several ways 
to approach it. This method will result in slightly 
greater energy use, but if the environmental conditions 
do not provide comfortable indoor air conditions this 
will be necessary. 
Hybrid Ventilation DeSign Considerations3 
• Divide the building into zones for natural ventilation 
and zones for mechanical ventilation. 
• Systems are available that switch from mechanical to 
natural ventilation when weather conditions are more 
favorable . 
Hybrid Ventilation Strategies 
Operable windows are one of the simplest ways to 
provide occupants with personalized ventilation for the 
lowest cost. When operable windows are implemented 
in mechanically ventilated buildings, both systems 
must work together in order to be a true hybrid system. 
Triggers that shut air conditioners off when windows 
are opened prevent the systems from working against 
each other" . 
Integral building openings, such as mechanized 
louver systems, are beneficial when used in situations 
where operable windows are unrealistic to rely upon. 
These are best placed in public spaces in which no one 
person controls the temperature, and can be adjusted to 
allow more or less air in, and may double as a shading 
device4. 
Natural Ventilation 
Air handling units (AHU) provide ventilation 
through a system of air supply ducts when heating 
or cooling is required (Figure 3.5). When the 
mechanical units are not necessary, air naturally 
flows into the building and bypasses the Amp. 
... 
Naturally Ventilated 
" ~Space . AHU - off 
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Figure 3.5 When the temperature outside is not suitable 
for natural ventilation, mechanical AHUs turn on to 
condition the space. 
Low-pressure air-conditioning has low air 
velocities in the ducts the air travels through. 
Because of the minimal pressure, the mechanical 
system can make use of natural forces such as 
wind or a passive stack to reduce the energy 
consumed by the fans 5 . 
Thermal masses such as concrete and masonry 
that are exposed to the outdoors can be used 
during the daytime to store heat and release it 
into the space at night (Figure 3.6). Due to cooler 
nighttime air temperatures, thermal mass will 
also store the coolth of cold air, absorbing heat 
during the day, lessening the need for mechanical 
cooling4. 
Natural light can prevent much unnecessary 
cooling loads created by artificialligh[ sources. 
Taking advantage of natural light also will lower 
total electrical consumption of the building4 (Table 
3.1). 
Solar Gai 
Daytime 
Nighttime t 1 t Cold I II Radiation 
Figure 3.6 Thermal mass collects warm air during the 
day, and heats a space in the winter. In the summer, 
the mass stores the coolth of cool air at night releasing 
it into a space. Proper shading prevents excess heating 
in the summer. 
Light Energy Table 
Activity Light Level Light Source Energy 
Parking 3-5 FC HID 0.07 WIst 
Computer 25 FC Fluorescent 0.5 WIst 
Office 50 FC Fluorescent 1.0 WIst 
Display 100 FC Incandescent 2.0 WIst 
Table 3.1 How much energy, in Watts per square foot, 
different types of light sources use compared to the level of 
light they produce. All the light energy finally dissipates into 
the surrounding space as heats. 
Source: Wedit Group, "How Buildings Use Energy," 
Presentation . 
Natural Ventilation Rebecca L. Ackerman 
COOLING METRICS 
In order to determine how much cooling a space will need, it is necessary to know the difference 
between maximum outdoor temperatures and ideal interior temperatures. 
To figure how much energy will be needed to cool a space, energy used by the air conditioner 
should be multiplied by the number of degrees that require cooling each month. 
I 
Monthly Cooling Degree Days for Charlotte Amalie VI Harry S. 
Truman Airport, U.S. Virgin Is/ands1 
Month COO (OF) 
January 17 
February 21 
March 27 
April 33 
May 52 
June 86 
July 95 
August 100 
September 79 
October 69 
November 36 
December 20 
Total 635 
Table 3.2 CDD. cooling degree days. are a measure of how much (in degrees). 
and for how long (in days). outside air temperature was higher than a specific base 
temperature. They are used for calculations relating to the energy consumption 
required to cool buildings. 
Source: Custom Degree Day Data. BizEE Weather Data for Energy Professionals, 
http://www.degreedays.netl#generate. 
Cooling Metrics 
Known: 
• COO for each month of the year 
• 3093 sqft = One floor of one module of the lab building 
• 1 kWh = 3400 BTUH 
• COP for Energy Star rated air conditioner = 5.0 
• R-24 = R-values for exterior walls (Figure 3.7) 
1/2" Gypsum R = 0.45 -----fO 
2 X 8 Metal Stud WI 7 1/2" Batt Insulation R = 22 ------t-t--o 
Figure 3.7 Wall section through an exterior wall of the 
laboratory building including found R-values for each 
component. 
Converting kWh to BTUH 
1kWh = 3,400 BTU jh 
3,400 BTU jh X 5 = 17,000 BTU jh 
1kWh = 17,000 BTU jh 
BTUH per OF 
Square footage 
---:.....-......:.......-.....:.....- = BTUH;oF 
R - Value 
3093 sqft 
-R---2"';;';'4- = 128.9 ~ 129 BTU ;OF 
O.S.B. 3/4" R = 0.91 ------t--t---KI 
Hardboard R = 0.34 ----t-t---+-+~\ 
R-Total = 23.7 
Known conversion Jor /"'Wh into BTUH 
Mll ltiply BTU by coelficient oj prodllctivity (COP) of 
chosell air cond itio ner to aeCOI/II! jor i ts efficiellcy . 
This is Ihe p ro-rated con versionjor fh e chosen air 
conditioner. 
Equatioll to find how nIGIlY BTUs are Il ecessary to 
cool a space based on the ratio 0/ square/ootage and 
insulation , or R-value . 
Cooling Metrics Rehecca L. Acken1l<lll 
COOLING METRICS 
Flow Rate (BTUH) 
BTUH;oF x CDD = Flow Rate (BTUH) 
129 BTU;oF x CDD = Flow Rate (BTUH) 
Month 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 
Total 
Table 3.3 
Cooling Melri<.:s 
Flow Rate (BTUH) 
COD x 129 BTUrF Flow Rate/hour 
17 2,193 
21 2,709 
27 3,483 
33 4,257 
52 6,708 
86 11 ,094 
95 12,225 
100 12,900 
79 10,191 
69 8,901 
36 4,644 
20 2,580 
635 81,915 BTUH 
Flow Rate (BTUH) 
150+-----------------------------~--~---------------------------
140+--------------------------------------------------------------
130+----------------------------------
120~-------------------------------
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Figure 3.8 
Cooling Metrics Rebecca L. Ackerman 
COOLING METRICS 
BTU per Month 
BTUH x 24hrs = BTU/Month 
BTU per Month (BTU/M) 
Month Flow Rate BTUH x24 hrs BTU/M 
January 2,190.88 52,581 
February 2,706.38 64,953 
March 3,479.63 83,511 
April 4,252.88 102,069 
May 6,701.50 160,836 
June 11,083.25 265,998 
July 12,243.13 293,835 
August 12,887.50 309,300 
September 10,181.13 244,347 
October 8,892.38 213,417 
November 4,639.50 111,348 
December 2,577.50 61,860 
Total 81,835.63 1,964,055 BTUlM 
Cii' 
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co 350 en 
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Cooling Metrics 
Table 3.9 
Dependable 
Rates 
Figure 3.9 
kWh 
BTU/Month -7- BTUH/kWh = kWh 
kWh 
Month BTU/Month +17,000 kWh 
January 52,581 3.09 
February 64,953 3.82 
March 83,511 4.91 
April 102,069 6.00 
May 160,836 9.46 
June 265,998 15.56 
July 293,835 17.28 
August 309,300 18.19 
September 244,347 14.37 
October 213,417 12.55 
November 111 ,348 6.55 
December 61,860 3.64 
Total 1,964,055 116 kWh 
kwh er Month Hist,..,.,r::.,rn 
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Cooling Metrics Rebecca L. Ackerman 
3.2 NATURAL VENTILATION CONCLUSION 
Laboratories must be mechanically ventilated so experiments can be kept at a constant temperature, 
and no outside factors disturb lab work. Because much of the project's program is laboratory, spaces 
need to be carefully planned out to create an efficient hybrid ventilation system with mechanical and 
naturally cooled zones. 
Naturally Ventilated Areas 
Laboratories 
3 fuJI stories of atrium/entrance 
4,406 sqft 
6 - 2 story office + stair + rest room space 
12,000 sqft 
Housing 
9 - 2 story pods + rest rooms 
14,553 sqft 
Dining 
I story dining area 
3,618 sqft 
Housing + Dining 
100% of the housing and dining buildings are naturally ventilated. 
Laboratories 
64,068 sqft total in the laboratory building. 
4,406 sqft + 12,000 sqft = 16,406 sqft of the laboratory building is naturally ventilated. 
64,068 sqft - 16,406 sqft = 47,662 sqft of the laboratory building is mechanically ventilated. 
~26% of the laboratory building is naturally ventilated. 
Conclusion 
Cross ventilation is the best choice for this building in the location it is in . Prevailing winds come from 
the east, and the building is easily able to take advantage of it with a north-south axis (Figure 3.8) . Stack 
ventilation could have been considered for these buildings, but the building is not tall enough for an effective 
stack. The spaces that need to be naturally ventilated are located on a single-loaded corridor, and have a 
narrow shape, so cross ventilation for the main entrance, offices, stairways , rest rooms, housing facilities, and 
dining hall are the best choice. Louver and vent systems that act together with a small plenum space in the 
housing units are available to provide cooling even during rainy weather (Figure 3.9) . 
Natural Ventilation Conclusion 
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Figure 3.11 The majority of annual prevailing winds comes 
from the east. It is best to place a building 's axis perpendicular 
to the prevailing winds to best take advantage of them. 
Source: Climate Consultant 5.0, VIR_Charlotle.Amalie-
Harry.S. Truman.AP.785430_ TMY3.epw. 
Figure 3.12 Above: 
fluid mapping table 
image determining 
if the vents and 
plenum space 
in the housing 
building will provide 
sufficient natural 
cooling. 
Right: Similar 
ventilation diagram, 
showing the 
context of the 
housing building. 
Natural Ventilation Conclusion Rebec<.:u L. Ackerman 
4.1 CONCLUSION 
This project began as three individual endeavors in the fall of 2011 . Classmates Ashley Stier, 
Joshua Stowers, and I each completed a first pass of what we envisioned the design of a sustainable 
laboratory campus in St. Croix to look like (Figure 5.1) . At the beginning of the Spring 2012 semester, 
we joined together to develop and submit the design of a more complete, functional campus plan for 
the ACSA competition . This Honors Thesis served as a tool for me to better understand green and 
sustainable practices, as well as a guideline for our team's competition entry. By applying my Honors 
Thesis to the competition project, I was able to utilize my research in a setting that helped our team to 
draw conclusionsfor our final laboratory design. 
When determining which systems to use in our building , there was a great deal of push and pull 
between research and design. Some systems required a preliminary design before engaging research, 
while others needed more research to guide the design. 
The water treatment and storage metrics were able to be completed first because the water 
needs of the residents, and available annual rainfall were known before any design began. With this 
research, we were able to plan a design to satisfy the balance of 100% of the water supply/demand 
conditions. 
A rough design phase for natural ventilation was finished before any metrics were examined, 
and after some testing on the fluid-mapping table, and re-designing, we were able to run the qualitative 
flows and quantitative estimates of performance metrics to ensure the design was as effective as 
possible. 
Design, primarily of the roof area, guided the potential location and quantity of photovoltaics that 
could be placed for electrical energy production. After studies and calculations, it was determined that 
sufficient energy from the sun is available to power the campus. One problem we encountered was 
in regards to periodic excesses of energy the PV cells would collect. Storing all the energy in battery 
backups is not possible in any known system, so we had to come up with an alternative storage and 
distribution system for energy collected by the PV cells (see section 1.2 Photovoltaics Conclusion) . 
While focusing on photovoltaics, water treatment, natural ventilation, electricity and waste 
management came up as important issues. To figure how many PV panels were needed, we had to 
determine approximately how much energy would be used on a daily basis by the campus. When 
dealing with ventilation, we needed to know how much energy an air conditioner would consume, and 
check back with our photovoltaic metrics to be sure the power we would collect would be enough for 
their loads. 
Water is a management challenge; its treatment is not only for rainwater or saltwater, and we 
had to consider how greywater and blackwater would be filtered and disposed of especially because 
the laboratory site is not located near a wastewater treatment plant. 
I originally proposed a ten-page research paper solely focusing on natural ventilation 
techniques. I quickly discovered, however, that aspects of natural ventilation effect energy consumption 
that in turn, affects energy collection . This required me to expand my studies and elaborate upon some 
of the other systems in a building that interact with the natural ventilation system. This expansion made 
me understand that each system does not stand on its own, and it is important to recognize all aspects 
of a building. I learned that each system interacts with each other and collectively can have a strong 
impact on the environment and the design process. 
Conclusion 
Figure 5.1 Left: Snapshots of the fall 2011 individual entries 
for the ACSA Sustainable Laboratory Student Design 
Competition. 
Entries in alphabetical order from top to bottom: 
Rebecca Ackerman, Ashley Stier, Joshua Stowers. 
Below: Snapshot of the spring 2012 group entry for the 
ACSA Sustainable Laboratory Student Design Competition. 
Sources: Rebecca L. Ackerman, SYM{bio}SIS, Ball State 
University, 2011 . 
Ashley R. Stier, earthen RESPONSE, Ball State University, 
2011 . 
Joshua M. Stowers, St. Croix Marine Ecological Research 
Facility, Ball State University, 2011 . 
Rebecca L. Ackerman, Ashley R. Stier, and Joshua 
M. Stowers, 2011-2012 ACSA Sustainable Laboratory 
Competition, Ball Sate University, 2012. 
Conclusion RcbcC\;a L. Ackerman 
APPENDIX 
SENIOR HONORS THESIS I CREATIVE PROJECT PROPOSAL 
Rebecca Ackerman 
Major: Architecture Minor: Spanish 
Expected Graduation Date: May 2012 
Fall semester 2011 the ARCH 401 Architectural Design class is participating in a class 
wide competition sponsored by Cripe Architects + Engineers as their final project. The 'Cripe 
Competition' is a marker for all fourth year architecture majors to showcase their talents given a 
short, seven-week deadline. 
This year, the Cripe Competition happens to be of a larger international competition . This 
international competition is the 2011-2012 International Sustainable Laboratory Student Design 
Competition hosted by the Associate of Collegiate Schools of Architecture (ACSA) (program 
attached) . The ACSA hosts a different themed competition each year under similar goals of 
"innovative thinking" and "the creation of energy-efficient and environmentally-sustainable 
laboratories" . This year, the site is located in the U.S. Virgin Islands on the island of St. Croix. 
Participants must design laboratories, housing facilities, and a community outreach center for 
scientists, students, and St. Croix residents, while remaining conscious of the sustainable aspects 
required, and unfamiliar environmental challenges of St. Croix. 
Fall semester, students will be using the guidelines from the international competition 
to complete a first pass at what they believe the laboratory should look like, and how it should 
function. It is also a requirement that students work individually for this semester, no team projects 
will be accepted . At the end of fall semester these final drafts of the laboratories will be submitted 
and judged by Ball State faculty and alumni, and winners of the 2011 Cripe Competition will be 
announced. 
Spring semester, students will be given the option to continue to develop their Cripe 
Competition projects in order to submit it to the 2011-2012 International Sustainable Laboratory 
Student Design Competition in May 2012. In order to fulfill the demands of the project and have a 
fully developed program , teams will be allowed to form , and enter the competition together. 
For the spring semester, I plan to continue developing my Cripe Competition entry, and submit it in 
the international competition in May. I also plan to collaborate with two partners, Ashley Stier and 
Joshua Stowers. We will combine our first iterations together, and each study one speCific aspect of 
the building in order to create a balanced symbiosis of systems, structure, and sustainability. 
My topic of interest will be passive cooling systems the building will require. I will do an 
extensive study on these issues in regards to the climate of St. Croix, and report on their benefits 
and drawbacks. With this study, I will complete a collection of diagrams and explanations showing 
how each passive cooling system works. This will consist of a research paper to be approximately 
10 pages. I will use this study in order to inform my design project for the international competition, 
and apply it to a broader scale in which the other members of my team will also participate. 
With my studies, I hope to communicate the different passive cooling systems available for 
different climates in order for other architects and builders to easily see, and choose which system 
may best help their designs. 
APPL'lldIX 
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GLOSSARY 
AHU 
(see AiR HANDLING UNIT) 
AIR HANDLING UNIT (AHU) A device used to condition and circulate air. 
AMORPHOUS SILICON A type of photovoltaic that is made up of randomly arranged atoms that can be 
compacted into very thin, inexpensive film. 
AQUIFER An underground layer of permeable rock that contains water and is often used to supply wells. 
ARRAY A grouping of many solar panels. 
BIOSWALE (VEGITATED SWALE) A form of bioretention used to treat water quality, lessen flooding 
potential, and carry stormwater away from buildings. 
BIPV 
(see BUILDING-INTEGRATED PHOTOVOLTAlCS) 
BLACKWATER Wastewater containing fecal matter and urine. 
BTU British Thermal Unit. A unit of energy needed to heat one pound of water one degree Fahrenheit. 
BUILDING-INTEGRATED PHOTOVOLTAICS (BIPV) A type of photo voltaic that iS'incorporated into the 
building envelope . 
CELL A small part of a photovoltaic panel or array that collects the sun's energy. 
CIGS 
(see COPPER-INDIVM-GALLIUM-SELENIDE CELLS) 
COEFFICIENT OF PRODUCTIVITY (COP) A factor applied to energy efficient appliances that show how 
much energy they save. 
COP 
(see COEFFICIENT OF PRODUCTIVITY) 
COPPER-INDIUM-GALLIUM-SELENIDE CELLS (CIGS) An efficient, inexpensive, flexible type of 
photo voltaic cell. 
CROSS VENTILATION A type of natural ventilation that relies on the wind, and is best applied to narrow 
buildings built perpendicular to wind flow. 
ECOLOGICAL WASTEWATER TREATMENT SYSTEM Man-made wetlands that take advantage of 
microorganisms and plants to filter our and decompose pollutants in water. 
FC 
(see FOOT CANDLE) 
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FLUID-MAPPING TABLE A water table in which a plan or section model is placed upon, and dyed liquid 
run across to mimic the movement of air or wind. 
FOOT CANDLE (Fe) A unit of luminance or light intensity. 
GRA. TZEL CELLS An efficient, inexpensive, photovoltaic cell that is dye-sensitized that imitates 
photosynthesis. 
GREYWATER Wastewater generated from household activities such as laundry, dish washing, and bathing. 
HYBRID VENTILATION A combination of mechanical and natural ventilation techniques. 
INDOOR AIR QUALITY Refers to the air quality within and around buildings, especially as it relates to the 
health and comfort of building occupants. 
INTEGRAL BUILDING OPENINGS A form of natural ventilation employing mechanical louver systems 
best used in situations in which no one person controls the temperature. 
LIVING MACHINE"' A multi-step waler flltralion device technology that uses plants and microorganisms to 
turn wastewater into clean water without the use of chemicals. 
LOW-PRESSURE AIR CONDITIONING A ventilation system that makes use of natural forces to reduce 
the energy consumed by fans that power it. 
MONOCRYSTALLINE SILICON The most common type of photovoltaic cell. They are refined from one 
large crystal, wi th a very hi gh level of efficiency. 
OZONE (03) A method of water purification that oxidizes and kills any organic or inorganic compounds 
found in water. 
LEEWARD The side of a building that is downwind. 
PANEL A small grouping of photovoltaic cells that more effectively collects energy from the sun. 
PHOTON Small particles of solar energy. 
PHOTOVOLTAICS (PV) Grouping of solar cells that when exposed to direct sunlight, collects energy from 
the sun. 
POLYCRYSTALLINE SILICON A type of photovoltaic cell that consists of many small, densely packed 
crystals. 
POTABLE Safe to drink. 
PREVAILING WIND Winds that blow predominantly from a single general direction . 
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PV 
(see PHOTOVOLTAlCS) 
REVERSE OSMOSIS A method of water purification used to desalinate, or remove salt from seawater. 
R-VALUE A measure of thermal resistance of different building materials. 
SINGLE LOADED CORRIDOR Rooms located only on one side of a corridor 
SOLAR STILLS A method of water purification that uses evaporation to remove water from impurities. 
STACK VENTILATION A form of natural ventilation that creates air movement by drawing air through a space up 
through a stack, or chimney in a building. 
TANK A vessel used for holding or storing water. 
THERMAL MASS A method of natural ventilation in which large masses such as stone or concrete walls absorb 
daytime heat, or nighttime cold, and release it inside the building during the night or day, respectively. 
TRANSPIRATION The loss of water vapor from the parts of plants . 
ULTRAVIOLET LIGHT (UV LIGHT) A form of water purification that can kill all microorganisms and fungi in water 
for a complete disinfection. 
UVLIGHT 
(see ULTRAVIOLET LIGHT) 
VEGITATED SWALE 
(see BIOSWALE) 
WATER TOWER A form of water storage and distribution that relies on height and pressure to supply surrounding areas 
with water. 
WINDWARD The side of a building that is upwind . 
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NOTES 
1.1 PHOTOVOLTAICS 
1. Varis Bokalders and Maria Block, The Whole Building Handbook: How to Design Healthy, Efficient 
and Sustainable Buildings (Virginia: Earthscan, 2010),436-444. 
2. Gil Knier, How Do Photovoltaics Work?, http://science.nasa.gov/science-news/science-at-nasaJ2002/ 
solarcells. 
3. Andy Stone, Monocrystalline Versus Polycrystalline Photovoltaic Panels, http://andystone.hubpages. 
com/hub/Monocrystall ine-versus-Pol ycrystalline . 
4. James Martin, FAQ: Which Type of Solar Panels are Best for Your Needs?, http ://www.solarselections . 
co.uklblog/which-type-of -solar-panels-are-best-for-you-monocrystall i ne-pol ycrystall i ne-amorphous-thi n-fi 1m . 
5 . Nicholas Adkins, "Gratzel Cells - Solar Cells Based on Titanium Dioxide," The Engineering and 
Physical Sciences Research Council, http://www.azom.com/article.aspx?ArticleID=221 O. 
6. p.v.v. Jayaweera,A.G.U. Perera, and K. Tennakon, "Why Gratzel's cell works so well," 
Department of Physics and Astronomy, Georgia State University, http://www.phy-astr.gsu.edu/pereraJpapers/ 
why%20G.pdf. 
7 . James Mitchell Crow, "First sales for 'world's cheapest solar cells'," Royal Society of Chemistry, 
http://www.rsc.org/chemistryworld/Issues/2008/February/FirstSalesForWorldsCheapestSolarCells.asp. 
8. "Producing Flexible CIGS Solar Cells With Record Efficiency," ScienceDaily, http://www.science 
daily.com/releases/20 11109/ 110921131729 .htm. 
PHOTOVOLTAIC METRICS 
1. PVWatts, Renewable Resource Data Center, http://rredc.nrel.gov/solar/calculatorsIPVWATTS/ 
version 11 . 
2. SunPower, SunPower Corporation, http://us.sunpowercorp.com. 
PHOTO VOLTAIC CONCLUSION 
1. Aaron Blackford , e-mail message to electrical designer, April 13,2012. 
2 . "Estimating Appliance and Home Electronic Energy Use," U.S. Department of Energy, http://www. 
energy savers .gov /your _home/appJianceslindex .cfm/mytopic= 1 0040. 
2.1 WATER TREATMENT + STORAGE 
1. Varis Bokalders and Maria Block, The Whole Building Handbook: How to Design Healthy, Efficient 
and Sustainable Buildings (Virginia: Earthscan, 2010), 341-343 . 
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2. Glen Acomb and Mark Clark , "BioswalesNegetated Swales," Florida Field Guide to Low Impact 
Environment , University of Florida IFAS Extension, http://buildgreen.ufl .edu/Fact_sheet_Bioswales_ Vegetated_ 
Swales.pdf. 
3. Dennis Jurries , PE, "Biofilters (Bioswales, Vegetative Buffers & Constructed Wetlands) for Storm 
Water Discharge Pollution Removal ," State of Oregon Department of Environmental Quality, DEQ Northwest 
Region Document, http://www.deq.state.or.us/wq/stormwater/docs/nwr/biofi I ters .pdf. 
4. "About Living Machine ," Living Machine<'l', Worrell Water & Living Machine . http://www. 
livingmachines.com/aboutl. 
5. "How It Works ," Living Machine~", Worrell Water & Living Machine , http://www.livingmachines.com/ 
about/how _it_ works. 
6. Claire Anderson, "Water Wiser Solar Stills ," Mother Earth News , http://www.motherearthnews .com/ 
Real-Food/2002 -08-0 1 /Passi ve-Sol ar -Distillation .aspx. 
7. "Reverse Osmosis (RO) Water Filters ," Canadian Water Quality Association, http: //www.home-water-
pu ri liers-and-li Ilers .com/reverse-os mosi s-fi I ter.ph p. 
8. Interface Multimedia , Next Gen Living Machine(iJ> jor Water Use, Worrell Water Technologies, http:// 
www.livingmachines.comJimages/uploads/portfoliolli v ing_machine_banner _small .j pg. 
9. "Solar Still Basics ," SolAqua , htrp://\V\\'w.solaqua.com/solstilbas.html. 
10. Marshall Brain, "How Water Towers Work ," HowStuffWorks, www.howstuffworks .com/water.htm. 
11. "Rain Harvesting," Rain Harvesting Ply Ltd. http: //rainharvesting .com.au/. 
12 . "Potable Water Underground Water Storage Tanks," Darco Inc. Underground Tankage , http://www. 
darcoinc .com/potable-water.html. 
VATER STORAGE METRICS 
1. "Weather in the Virgin Islands ," Virgin Islands Vacation Guide and Community, http: //www.vinow. 
comJusvi/weather.php . 
'.1 NATURAL VENTILATION 
1. "Natural Ventilation," Energy Savers, U.S. Department of Energy, http: //www.energysavers .gov/your_ 
home/insulation_airsealing/index .cfmJmytopic=11840. 
2. P. F. Linden, "The Fluid Mechanics of Natural Ventilation ," Annual Reviews , 31 (1999): 201-238, 
http: //www.annualreviews.org/doi/full/10.1146/annurev.f1uid .31.1.201. 
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resources mart. vic .gov .au/documents/Natural_ Ventilation_Systems .pdf. 
4. William J . Kosik, P.E., "Design Strategies for Hybrid Ventilation," ASHRAE Journal (Octobor 2011): 
18-21, bookstore.ashrae.bizljournal/download.php?file=kosik.pdf. 
5. Miroslav Jicha and Pavel Charvat, "Hybrid Ventilation," BRITA in PuBs, Bmo University of 
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